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A r t i c l e s robust induction of the expression of Rag1 and Rag2 in pre-B cells 3, 9 ; however, it remains to be determined if this is associated with less PI(3)K-Akt activity and the induction of Foxo factors, given that these cells continue to express a pre-BCR, which has been suggested to activate the former signaling module. Furthermore, if the pre-BCR activates PI(3)K-Akt signaling, then the question remains of how its signaling state is altered to enable the activation of Foxo factors and expression of Rag1 and Rag2 (ref. 1) . We set out to explore these fundamental questions and in so doing to elucidate the nature of the regulatory interaction between IL-7R and the pre-BCR in orchestrating the pre-B cell developmental checkpoint.
RESULTS

IL-7 signaling negatively regulates Foxo proteins via PI(3)K-Akt
We used Irf4 −/− Irf8 −/− pre-B cells 3, 4 , a model system for analyzing large cycling pre-B cells that express both IL-7R and the pre-BCR, to determine if IL-7 signaling in these cells negatively regulated the expression of members of the Foxo family of transcription factors via the activation of the PI(3)K-Akt module. Lowering the concentration of IL-7 in the culture medium resulted in substantial induction of Foxo1 and Foxo3a but not of Foxo4 (Fig. 1a) . The greater abundance of Foxo1 and Foxo3a proteins was not accompanied by a corresponding change in the expression of transcripts encoding Foxo1 or Foxo3a (data not shown), suggestive of a post-transcriptional mechanism of control. Lower IL-7 signaling resulted in a lower abundance of phosphorylated Akt, Foxo1 and Foxo3a (Fig. 1b) that was inversely correlated with the overall abundance of Foxo1 and Foxo3a proteins (Fig. 1a) . Given that Akt has been shown to phosphorylate Foxo proteins and promote their degradation via ubiquitination [13] [14] [15] , these results suggested that IL-7R signaling promotes Foxo protein degradation in pre-B cells via the PI(3)K-Akt pathway. Consistent with that inhibitory mechanism, the attenuation of IL-7 signaling resulted in more Foxo1 DNA-binding activity, the nuclear accumulation of Foxo1 ( Supplementary  Fig. 1a,b ) and the binding of Foxo1 to enhancers in the Rag1-Rag2 locus (Erag1 and Erag2) 12, 16 (Fig. 1c) . As shown before 3 , attenuation of IL-7 signaling in Irf4 −/− Irf8 −/− pre-B cells resulted in robust induction of the expression of Rag1 and Rag2 (Fig. 1d) and, notably, this was dependent on Foxo1 and Foxo3a, as knockdown of Foxo1 or Foxo3a in these cells through the use of short hairpin RNA impaired the activation of Rag1 and Rag2 (Supplementary Fig. 2a ). Knockdown of Foxo1 or Foxo3a also resulted in a defect in the ability of Irf4 −/− Irf8 −/− pre-B cells to undergo cell-cycle arrest after the attenuation of IL-7 signaling (Supplementary Fig. 2b ), and this was correlated with impaired induction of the gene encoding the cyclindependent kinase inhibitor p27 (refs. 3,13,14 ; data not shown). Gainof-function experiments with Foxo1 and Foxo3a reinforced the conclusion that they were potent activators of the expression of Rag1 and Rag2 in pre-B cells (Supplementary Fig. 2c ). Higher expression of Foxo1 and Foxo3a resulted in the selective induction of expression of Rag1 and Rag2 but not germline transcription of the locus encoding the immunoglobulin κ-chain complex (Igk), whereas the restoration of IRF4 expression in these cells induced mainly germline transcription of Igk (Supplementary Fig. 2c ). Thus, we propose that efficient pre-B cell differentiation is contingent on the induction of Foxo transcription factors via attenuation of IL-7R signaling and lowering of PI(3)K-Akt activity and upregulation of IRF4 via the pre-BCR.
IL-7R but not the pre-BCR couples to the PI(3)K-Akt module
To determine if the inverse relationship between IL-7R-mediated activation of the PI(3)K-Akt module and the accumulation of Foxo proteins was also operative in vivo, we analyzed the abundance of IL-7R and Foxo1 as well as phosphorylated Akt in large versus small pre-B cells isolated from wild-type mice. We observed considerable induction of the expression of Rag1 and Rag2 and the germline transcription and rearrangement of Igk in small pre-B cells (data not shown). As expected, small resting pre-B cells had lower cell surface expression of IL-7Rα than did their large cycling counterparts 17 (Fig. 1e) , and this was also reflected by less intracellular IL-7Rα (data not shown). Attenuation of IL-7 signaling in Irf4 −/− Irf8 −/− pre-B cells, which results in cell-cycle arrest and their smaller size 3 , was also accompanied by the downregulation of cell surface and intracellular expression of IL-7Rα (Supplementary Fig. 3) . Notably, whereas the results are presented relative to the abundance of transcripts encoding β 2 -microglobulin (B2m). (e) Flow cytometry analysis of surface IL-7Rα, as well as of intracellular phosphorylated Akt and total Foxo1, on or in large cycling pre-B cells and small resting pre-B cells isolated from wild-type mouse bone marrow; gray shaded curves, isotype-matched control antibody. (f) Flow cytometry analysis of the surface expression of the pre-BCR in Rag2 −/− pro-B cells transduced with control retroviral vector encoding green fluorescent protein (GFP) alone (Control) or its derivative also expressing µH383 (WT383 (mH)), then sorted on the basis of GFP expression (left), and immunoblot analysis of phosphorylated and total Akt in those cells (right; actin serves as a loading control). Data are representative of three independent experiments (a-d; mean and s.d. in c,d), three independent experiments with one mouse in each (e) or two independent experiments (f).
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Small pre-B npg abundance of phosphorylated Akt was positively correlated with that of IL-7R in both wild-type and Irf4 −/− Irf8 −/− pre-B cells, the abundance of Foxo1 showed a reciprocal correlation (Fig. 1a,b,e) . Thus, IL-7R signaling via phosphorylated Akt seemed to negatively regulate the accumulation of Foxo1 in wild-type pre-B cells. Furthermore, as the Irf4 −/− Irf8 −/− pre-B cells manifested this regulatory pathway, we concluded that they represented a suitable cellular system for analyzing the underlying molecular mechanisms.
On the basis of the signaling properties of the BCR, it has been proposed that the pre-BCR also activates PI(3)K-Akt signaling 1 . However, this proposition has not been tested directly. To test this, we expressed a rearranged immunoglobulin heavy-chain gene (µH383) in Rag2 −/− pro-B cells 5 . This heavy chain is assembled into a pre-BCR that activates Erk signaling 5 . Notably, this signaling-competent pre-BCR did not enhance the activity of Akt (Fig. 1f) . The latter was regulated to a similar degree in response to IL-7 signaling in Rag2 −/− pro-B cells reconstituted with control retroviral vector and those reconstituted with a vector expressing µH383. These results suggested that the PI(3)K-Akt module is coupled mainly to IL-7R rather than to the pre-BCR in pre-B cells.
Foxo1 activates the expression of Blnk and Syk in pre-B cells A large set of genes in Irf4 −/− Irf8 −/− pre-B cells has been identified as being either induced or repressed after the attenuation of IL-7 signaling 3 . Therefore, we did chromatin immunoprecipitation followed by deep sequencing (ChIP-seq) with an antibody to Foxo1 (anti-Foxo1) under conditions of attenuated IL-7 signaling to determine which of those genes were direct targets of Foxo1. Deep sequencing of Foxo1-targeted regions identified 11,772 unique sequences. Analysis of the 500 targeted regions with the highest binding peaks by the MEME motifbased sequence-analysis tools showed that the Foxo-binding site 18 was the most frequently occurring motif (Fig. 2a, left) . In the Foxo1 cistrome, the majority of the binding sites were in either intergenic regions (52.4%) or intronic regions (35.5%; Fig. 2a, right) . We also did genome-wide ChIP-seq analysis with epitope-tagged Foxo3a and found its cistrome substantially overlapped that of Foxo1 in Irf4 −/− Irf8 −/− pre-B cells (data not shown). Mapping of the Foxo1 cistrome and the IL-7-regulated genes showed that a majority of the induced genes (150 of 197 (76%)) had one or more Foxo1-binding sites in the gene itself or in its vicinity (Fig. 2b) . Genes of biological interest included those encoding molecules involved in variable-diversityjoining recombination (Rag1, Rag2 and Dntt (encoding terminal deoxynucleotidyltransferase)), cell-cycle arrest (Cdkn1a (encoding the cyclin-dependent kinase inhibitor p21) and Cdkn1b (encoding p27)) and pre-BCR signaling (Blnk and Syk; Supplementary Fig. 4) . These results suggested that in addition to coordinating cell-cycle arrest with the induction of Rag1 and Rag2, Foxo1 has a function in regulating pre-BCR signaling that has not been recognized before.
We determined the binding peaks for Foxo1 in the vicinity of the Rag1-Rag2, Blnk and Dntt loci (Fig. 2c,d ) and of Syk ( Supplementary  Fig. 5c ). By ChIP and quantitative PCR, we confirmed those as peaks induced after attenuation of IL-7 signaling (Supplementary Fig. 5a-c) .
In the Rag1-Rag2 locus, in addition to the known Erag region, we identified two previously unknown intergenic regions, Irag1 and Irag2. The former was located about 15 kilobases upstream of the Rag1 promoter and the latter was adjacent to Erag, approximately 25 kilobases upstream of the Rag2 promoter. As with the Rag1-Rag2 locus, Foxo1 bound the Blnk and Dntt loci at multiple sites with a prominent peak, IBlnk, positioned in the intergenic region between the divergent promoters of the two genes and a pair of sites near the Blnk promoter (PBlnk or Pax5BS 19 ). That last site has been linked to the regulation of Blnk by the transcription factor Pax5. These findings raised the possibility that after the attenuation of IL-7 signaling, Foxo1 coordinately activates Blnk in conjunction with Pax5 in pre-B cells and enables effective coupling of the pre-BCR with many of its downstream signaling components 1, 19, 20 . These results prompted us to explore if Foxo1 was functionally required for Blnk expression, as is true for Pax5. Consistent with that possibility, BLNK mRNA and protein were substantially induced in Irf4 −/− Irf8 −/− pre-B cells after IL-7 signaling was diminished (Fig. 3a) . Notably, BLNK protein expression was also induced during the transition from large cycling pre-B cells to the small resting stage in the bone marrow and was correlated with more Foxo1 (Figs. 1e and 3b) . Given that Foxo1 also targets Syk, we also sought to determine if Syk expression was correlated with and (Fig. 3c) .
Conversely, ectopic expression of Foxo1 resulted in higher expression of Syk and BLNK (Fig. 3d) . As with BLNK expression (Fig. 3a) , Syk expression was also induced after IL-7 signaling was diminished in Irf4 −/− Irf8 −/− pre-B cells, and this was accompanied by the association of Syk with BLNK in a signaling complex 20 ( Fig. 3e,f) . Thus, after attenuation of IL-7 signaling, Foxo1 activated not only the expression of the Rag1 and Rag2 but also that of Blnk and Syk, thereby enabling the differentiation signaling functions of the pre-BCR.
Regulation of Blnk expression by Foxo1 and Pax5
Given that Pax5 has been shown to directly activate Blnk in part by binding to Pax5BS 19 , we used ChIP analysis to determine if Foxo1 bound this region together with Pax5. Foxo1 and Pax5 targeted not only the Pax5BS region but also the nearby segment PBlnk ( Fig. 4a and Supplementary Fig. 5b) . Notably, as with the binding of Foxo1, the binding of Pax5 to both of these presumptively regulatory regions was induced after the attenuation of IL-7 signaling. Immunoblot analysis showed that Pax5 was also upregulated by the lowering of IL-7 signaling and/or the inhibition of PI(3)K activity with LY294002 (Fig. 4b) . Thus, as for Foxo1, the abundance of Pax5 was negatively regulated by IL-7 signaling in pre-B cells, probably via the PI(3)K-Akt module. The inducible binding of both Pax5 and Foxo1 to promoter elements in Blnk raised the possibility that the two transcription factors might physically interact. Consistent with that possibility, Fig. 4e,  left) . Mapping of the Pax5 and Foxo1 cistromes relative to the IL-7-regulated genes showed that a majority of those that were induced were targeted by both Foxo1 and Pax5 (121 of 197 (61%)), with 350 coincident sites for these two factors ( Fig. 4e; right) . We determined the Foxo1-and Pax5-binding landscapes on certain genes of biological interest (Rag1, Rag2, Blnk, Syk and Irf4; Supplementary Fig. 5 ). Thus, after attenuation of IL-7 signaling, Foxo1 and Pax-5 bound together to a large set of pre-B cell genes, and this was associated with activation of these genes.
A positive feedback loop involving Foxo1-BLNK-p38
Our results suggested that a principal consequence of lowering IL-7 signaling in pre-B cells was to induce BLNK expression via Foxo1 and Pax5, thereby coupling the pre-BCR to multiple downstream effectors 1, 8 . To test this model, we did gain-of-function experiments with Foxo1 and BLNK. Expression of Foxo1 in Irf4 −/− Irf8 −/− pre-B cells induced BLNK and the activation of p38 (Fig. 5a) . Moreover, BLNK expression resulted in the activation of p38 (Fig. 5b) . Notably, BLNK expression under conditions of high IL-7 signaling also led to the inhibition of Akt activity and, consequently, a greater abundance of Foxo1 and Pax5 (Fig. 5b) . These results were consistent with a published report of Blnk −/− pre-B cells showing that restoration of BLNK expression results in the inhibition of Akt activity 6 . Thus, BLNK functions in a negative feedback loop to inhibit IL-7 signaling, thereby promoting its own expression via Foxo1 and Pax5 and then coupling to the pre-BCR and downstream effectors such as p38 (ref. 8) . Notably, Foxo1 transcriptional activity is positively regulated through its phosphorylation by p38 (refs. 9,21) . That finding raised the possibility that p38 activation may result in a positive feedback loop via Foxo1 that further induces BLNK and augments the inhibition of IL-7 signaling, as well as promoting signaling by the pre-BCR. Therefore, we assessed whether inhibition of p38 activity impaired the functioning of Foxo1 under conditions of low IL-7 signaling. The attenuation of IL-7 signaling in Irf4 −/− Irf8 −/− pre-B cells resulted in activation of p38 that was blocked by the inhibitor SB203580 (Fig. 5c) . Inhibition of p38 activity under those conditions resulted in less activation of the expression of Rag1, Rag2 and Blnk (Supplementary Fig. 6a and data not shown) and less binding of Foxo1 to multiple regulatory sequences in Rag1 and Rag2 as well as Blnk (Fig. 5d) . Irf4 −/− Irf8 −/− pre-B cells expressed the p38α and p38β isoforms (Supplementary Fig. 6b ). We note that SB203580 inhibits the activity of each isoform. Finally, inhibition of p38 activity did not appreciably affect the binding of Pax5 to the aforementioned sites (Irag2, Erag1 and Erag2) in the Rag1-Rag2 locus (data not shown), which highlighted the requirement for Foxo1 in the efficient transcriptional activation of these genes. Thus, we propose that p38 functions in a positive feedback loop in pre-B cells to augment the binding of Foxo1 to its target genes, thereby further inducing the expression of Rag1, Rag2 and Blnk. To examine the kinetics of activation of the Foxo1-BLNK-p38 positive feedback loop, we analyzed the expression and/or activation of each of these regulatory components after the attenuation of IL-7 signaling in Irf4 −/− Irf8 −/− pre-B cells (Fig. 5e) . The accumulation of Foxo1 was initially discernable at 24 h after IL-7 signaling was diminished and continued to increase up to 48 h. The abundance of BLNK paralleled that of Foxo1. We observed Given that p38 activation is dependent on pre-BCR signaling, the results reported above indicated that attenuation of IL-7 signaling should lead to p38 activation dependent on Foxo1 and BLNK in pre-B cells but not in pro-B cells, as the latter cells lack the pre-BCR. That result was indeed obtained, as diminishing IL-7 signaling in Rag2 −/− pro-B cells did not result in activation of p38 (Fig. 6a) . Although Rag2 −/− pro-B cells and Irf4 −/− Irf8 −/− pre-B cells had similar expression of Foxo1 after the attenuation of IL-7 signaling (data not shown), the former cells did not substantially induce BLNK expression (Fig. 6a) . Consistent with those findings, there was greater induction of the expression of Rag1 in Irf4 −/− Irf8 −/− pre-B cells than in Rag2 −/− pro-B cells (Supplementary Fig. 6c) . Thus, we suggest that the acquisition of a pre-BCR enables pre-B cells to uniquely exploit a self-reinforcing regulatory loop involving the Foxo1-BLNK-p38 module to antagonize IL-7 signaling and to activate BLNK-dependent pre-BCR signaling.
A key function of pre-BCR signaling was to upregulate the expression of IRF4, which is required for efficient activation of germline transcription and rearrangement of Igk 3, 22 (Supplementary Fig. 2c) . ChIP-seq analysis demonstrated that Foxo1 bound to multiple presumptively regulatory sequences in the Irf4 locus, together with Pax5 ( Supplementary Fig. 5d) ; the latter is required for IRF4 expression 19 . In a B lineage cell line transformed with the viral oncogene v-abl, knockdown of Foxo1 resulted in lower IRF4 expression (Supplementary Fig. 7) . Thus, selective activation of the Foxo1-BLNK module in pre-B cells ensured effective coupling of the expression of Rag1 and Rag2 with the induction of IRF4 expression and immunoglobulin light-chain rearrangement. Finally, IRF4, along with Foxo1 and Pax5, targeted the Blnk and Cxcr4 loci ( Supplementary  Fig. 8) . Thus, IRF4 also functions in a positive feedback loop to augment BLNK expression and attenuate IL-7 signaling, achieving the latter in part by inducing Cxcr4 expression and promoting the migration of pre-B cells away from stromal cells expressing IL-7 (ref. 3) .
Downregulation of IL-7R by Foxo1 in pre-B cells
Paradoxically, although Foxo1 has been linked to activation of the transcription of Il7r 23 , diminishing IL-7 signaling actually resulted in the downregulation of IL-7Rα in Irf4 −/− Irf8 −/− pre-B cells (Supplementary Fig. 3) . Therefore, we assessed the consequences of higher Foxo1 expression in Irf4 −/− Irf8 −/− pre-B cells and found that it resulted in the downregulation of surface-bound and intracellular IL-7Rα (Fig. 6b and data not shown) . However, overexpression of Foxo1 in Rag2 −/− pro-B cells did not lead to the downregulation of IL-7Rα (Fig. 6b) . Thus, in pre-B cells, the induction of Il7r expression by Foxo1 (Supplementary Fig. 4 ) seemed to be selectively overridden by a post-translational regulatory mechanism that probably promoted degradation of IL-7Rα protein in a Foxo1-dependent manner. We propose that at the pre-B cell developmental stage, Foxo1 also functions in a negative feedback loop to diminish IL-7 signaling via downregulating IL-7Rα while promoting coupling of the pre-BCR to its downstream effectors.
A self-reinforcing differentiation circuit Given the experimental evidence we have presented here, we propose a model for the components and connections that constitute the generegulatory network that orchestrates the interaction between IL-7R and pre-BCR signaling (Fig. 7) . In this model, the attenuation of IL-7 signaling and the consequent diminution of PI(3)K-Akt activity results in the stabilization of Foxo1 and Pax5. These transcription factors mediate the activation of Rag and Dntt, as well as of Syk and Blnk. Together they also target a large set of genes important in BCR and cytokine signaling (Supplementary Fig. 9) . Notably, BLNK inhibits the activity of the PI(3)K-Akt module, thereby further enhancing the abundance of Foxo1 and Pax5. The induction of BLNK expression by Foxo1 also sets in motion a positive autoregulatory loop that involves the activation of p38 and, in turn, its stimulation of Foxo1 activity. Finally, BLNK-dependent pre-BCR signaling induces the expression of IRF4, which targets enhancers of the immunoglobulin light-chain loci to drive chromatin modifications and germline transcription 3, 5, 22 . Thus, the architecture of the pre-B cell generegulatory network involves antagonistic interaction between a growth factor and a differentiation-inducing receptor through a series of selfreinforcing positive and negative feedback loops.
DISCUSSION
Our findings have reconciled alternative models that invoke either the attenuation of IL-7 signaling 3 or a qualitative change in the signaling state of the pre-BCR 1 as a means of regulating the pre-B cell developmental checkpoint. We have demonstrated not only that attenuation of IL-7 signaling was required for cell-cycle arrest and induction of the expression of Rag1 and Rag2 via the stabilization of Foxo1 but also that this Foxo1, along with Pax5, was needed to activate Blnk, which encodes a signaling adaptor critical for the pre-BCR. Thus, in pre-B cells, the pre-BCR indeed manifested two distinct signaling states involving low versus high BLNK expression. Notably, IL-7 signaling negatively regulated the BLNK-dependent signaling state of the pre-BCR. Therefore, we propose that the attenuation of IL-7 signaling induces a qualitative change in the signaling functions of the pre-BCR by enabling its coupling to BLNK and the activation of downstream effectors such as Btk, PLC-γ2 and p38.
The conclusion that Foxo1 and Pax5 act together in regulating Blnk was based on the following lines of evidence. Foxo1 and Pax5 bound together to several regulatory regions in Blnk in an inducible way that required the attenuation of IL-7 signaling. Foxo1 and Pax5 associated with one another, and higher Foxo1 expression that resulted npg in Blnk activation also led to enhancement of the binding of Pax5 to a shared regulatory element in the Blnk promoter. It remains to be determined if Foxo1 and Pax5 directly interact with one another and cooperatively bind in vitro to closely spaced sites in genes targeted by both together. Our results suggest that Foxo1, BLNK and p38 function as components of a positive feedback loop to augment Foxo1 activity. Studies have linked p38 to induction of the expression of Rag1 and Rag2 in pre-B cells, but the mechanism of this has remained obscure 9 . Notably, p38α has been shown to phosphorylate multiple sites on Foxo1 in vitro and in vivo, the latter in NIH3T3 mouse fibroblast cells, and these sites have been linked to transcriptional activation 21 . Those results, along with our demonstration that inhibition of p38 activity resulted in less binding of Foxo1 to regulatory elements in the Rag1, Rag2 and Blnk, suggest that p38 positively regulates Foxo1 activity. We note that disruption of the gene encoding p38α has not been associated with a defect in B cell development at the pre-B cell stage 24 . However, pre-B cells expressed both the p38α and p38β isoforms. Given that these two isoforms are related and share several substrates, it is likely that they have overlapping functions. Finally, we note that the p38 inhibitor SB203580 inhibits the activity of each isoform. Future studies should determine the sites of p38-mediated phosphorylation of Foxo1 in pre-B cells and their molecular consequences on its DNA-binding and transcription-activating functions. We have shown that in cycling pre-B cells dependent on IL-7 signaling, the pre-BCR was not efficiently coupled to the PI(3)K-Akt or Syk-BLNK module. However, in this context the pre-BCR can function to augment proliferation driven by IL-7R 11, 17 . We propose that after rearrangement of the immunoglobulin light-chain locus, the expression of a non-self-reactive BCR terminates the Foxo1-BLNK-p38 feed-forward loop by coupling to the PI(3)K-Akt module. Basal or 'tonic' signaling 25 through the BCR leads to inactivation of the Foxo transcription factors 26 . Downregulation of the IL-7R at this developmental stage would also favor coupling of the PI(3)K-Akt module to the BCR. Our results suggest a fundamental structural difference between the pre-BCR and BCR signal-transduction complexes in terms of their coupling to the PI(3)K-Akt module. The structural basis of the difference between these two signal-transduction complexes remains to be elucidated and may partly depend on differing coreceptors.
If light-chain rearrangement results in the generation of an autoreactive BCR that encounters self antigen, the BCR will undergo endocytosis after binding antigen, thereby resulting in lower basal PI(3)K-Akt signaling and, therefore, reinduction of the expression of Rag1 and Rag2 and, consequently, receptor editing. Consistent with our model, either loss of the BCR or inhibition of PI(3)K activity in immature B cells results in induction of the expression of Rag1 and Rag2 and rearrangement of the light-chain loci 25 . Expression of an autoreactive BCR that resembles the pre-BCR in its structure and signaling properties 27 would not be predicted to terminate the feedforward loop. In this last circumstance, expression of Rag1 and Rag2 would be sustained to enable receptor editing. Thus, our regulatory model provides a likely molecular logic for the control of receptor editing in response to autoreactive BCRs.
In our regulatory model, attenuation of IL-7 signaling is critical for initiating the differentiation of pre-B cells. How could IL-7 signaling be attenuated in vivo? The survival and proliferation of pro-B cells is dependent on interactions with IL-7-expressing stromal cells 28 . After productive rearrangement of the immunoglobulin heavy-chain gene and the ensuing assembly of the pre-BCR, pre-B cells undergo a proliferative burst. With the assumption of a limiting niche of IL-7-expressing stromal cells 29 , dividing pre-B cells that undergo cytokinesis orthogonally to the stromal cell layer would generate daughter cells that sense a somewhat lower concentration of IL-7. Such environmental asymmetry 29, 30 may be sufficient to initiate activation of the Foxo1-BLNK-p38 feed-forward loop in daughter cells positioned away from the stroma, thereby resulting in downregulation of IL-7R. As Foxo1 and IRF4 target Cxcr4 together, their accumulation would promote the movement of pre-B cells away from IL-7-expressing stromal cells 3, 31 . Consequently, such pre-B cells would undergo cell-cycle arrest and induce recombination of the immunoglobulin light-chain loci.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureimmunology/. 33 . Sequences encoding Foxo1 or Foxo3a were amplified by PCR with cDNA prepared from B220 + B lineage cells isolated from mouse bone marrow. Mouse Blnk cDNA was a gift from M. Veselitis. Plasmids encoding short hairpin RNA oligonucleotides were constructed as described 34 . The oligonucleotide sequences of short hairpin RNA directed against Foxo1 or Foxo3a mRNA were 5′-TGCCCAGTCTGTCTGAAATCAG-3′ (Foxo1) and 5′-CCTTTCCCTAGCACACTTAAA-3′ (Foxo3a). For the generation of retroviral stocks, PlatE packaging cells were transiently transfected with retroviral constructs through the use of FuGENE reagent (Roche). Viral supernatants were collected at 48 and 72 h after transfection and pooled. Irf4 −/− Irf8 −/− pre-B cells or Rag2 −/− pro-B cells were suspended in retroviral supernatant generated as described above, with polybrene (12.5 µg/ml), and were centrifuged for 90 min at 1,500g at 32 °C. After centrifugation, cells were incubated for 3 h at 32 °C, then were washed and plated on OP9 cells in Opti-MEM supplemented with 5% (vol/vol) FCS and a high concentration of IL-7 (5 ng/ml). After 48 h, transduced cells were sorted on the basis of GFP expression and were used for the generation of protein-containing lystes or for the isolation of RNA. For experiments requiring analysis of the effects of attenuating IL-7 signaling, these cells were replated for 48 h on OP9 cells in a high (5 ng/ml) or low (0.1 ng/ml) concentration of IL-7.
RT-PCR.
Total RNA was isolated with TRIzol (Invitrogen) and cDNA was made with SuperScript II reverse transcriptase (Invitrogen). SYBR qPCR Master Mix (Clontech) and a Bio-Rad CFX96 Real-Time PCR Detection System were used for quantitative PCR (primers, Supplementary Table 1) .
Immunoblot analysis, immunoprecipitation and immunohistochemistry.
Protein extracts were prepared as described 35 . Protein lysates were separated by SDS-PAGE and transferred to Immobilon-P membrane (Millipore). Antibodies used for immunoblot analysis were as follows (antibody reagent details, Supplementary Table 2) : anti-Foxo1 (9462), anti-Foxo3a (9467) and anti-Foxo4 (9472) and anti-Akt (9272; all from Cell Signaling); antibody to phosphorylated Foxo1 (9461), Foxo3a (9466), Akt (4058), p38 (9211) and p38 (9212; all from Cell Signaling); and anti-Pax5 (sc-1974), anti-BLNK (sc-15345), anti-Syk (sc-1077), anti-IRF4 (sc-6059), anti-IRF-8 (sc-6058) and anti-HPRT (sc-20975; all from Santa Cruz). For immunoprecipitation, whole-cell lysates were incubated with specific antibodies and processed as described 35 . Immunohistochemistry was done as described 36 with anti-Foxo1 (as noted above) and anti-lamin B 36 (sc-6217).
Flow cytometry. Procedures for surface and intracellular staining have been described 33 . Antibodies used for staining were anti-IL-7Rα (25-1271-82; eBioscience) and anti-pre-BCR (551863; BD Biosciences). For cell-cycle analysis, cells were stained for 90 min at 37 °C with Hoechst 33342 (10 µg/ml; Molecular Probes) in Hoechst buffer. Data were collected with an LSR II and analyzed with FlowJo software (TreeStar).
Isolation and flow cytometry bone marrow B lineage progenitors. Bone marrow was collected from C57BL/6 mice 8-12 weeks of age (Jackson Laboratories) according to a protocol approved by the University of Chicago Institutional Animal Use and Care Committee. Cells were resuspended in PBS containing 1% (vol/vol) FCS. Erythrocytes were lysed and cells were stained with anti-B220 (RA3-6B2; BD Pharmingen), anti-CD43 (S7; BD Pharmingen), anti-IgM (II/41; eBioscience) and anti-IgD (11-26c.2a; BD Pharmingen). Pre-B cell populations were gated on the basis of a B220 + CD43 lo IgM − IgD − cellsurface phenotype. Pre-B cells were distinguished by cell size as large (high forward and side scatter) or small (low forward and side scatter).
ChIP and ChIP-seq analysis. ChIP was done as described 33 . Chromatin from Irf4 −/− Irf8 −/− pre-B cells was isolated and then sonicated to obtain DNA fragments ranging in size from 100 to 500 base pairs. Chromatin fragments were immunoprecipitated with IgG (as a control; sc-2027; Santa Cruz), anti-Foxo1 (ab70382; Abcam) or anti-Pax5 (sc-1974; Santa Cruz). After reversal of formaldehyde crosslinks, specific DNA sequences were assessed by quantitative realtime PCR (primers, Supplementary Table 1) . For ChIP-seq analysis of Foxo1 and Pax5, Irf4 −/− Irf8 −/− pre-B cells were cultured for 48 h in a low concentration of IL-7 (0.1 ng/ml). For ChIP-seq analysis of IRF4, splenic B cells purified from B1-8i mice (transgenic mice expressing a BCR specific for the hapten NP) were stimulated and cultured for 3 d as described 37 . DNA libraries were then prepared with sheared chromatin immunoprecipitated with anti-Foxo1, antiPax5 or anti-IRF4 (refs. 33,38) . Genomic DNA was sequenced with a Genome Analyzer II (Illumina) and aligned with ELAND software, with no more than two mismatches per sequence. Foxo1-or Pax5-binding peaks were identified with the QuEST (Quantitative Enrichment of Sequence Tags) software package (version 2.4) with a false-discovery rate of 1% and input chromatin as a control. The MEME algorithm (motif-based sequence-analysis tools (multiple expectation-maximization for motif elicitation), version 4.4.0) was used for the identification of over-represented motifs within 100 base pairs (in either direction) of peak maxima. Genomic localization and distance of binding sites from the nearest transcriptional start site were analyzed with software programs created by the Dinner laboratory. Scripts used for the false-discovery rate of 1%, peak annotation and coincidence with the ChIP tool QuEST are described below. The presentation of peaks relative to genome sequence was generated with the Integrated Genome Browser program (version 6.5). Microarray data have been described 3 .
Computational methods for ChIP-seq. For the false-discovery rate of 1%, QuEST was first run with a low threshold, which generally resulted in a falsediscovery rate of >1%. A false-discovery rate of 1% was then achieved after QuEST: the ChIP regions with low peaks and pseudo-ChIP (input) regions were systematically eliminated by raising of the threshold until the falsediscovery rate (ratio of the number of pseudo-ChIP regions to the number of ChIP regions) was 1%.
For the annotation of peaks in relation to genes, peaks were annotated with genes through the use of the browser at the UCSC Genome Bioinformatics Site. Peaks were annotated for the closest upstream and downstream gene (judged by distance to gene transcription start site), plus any genes that the peak was in. For peaks in the coordinates of a gene, the exon and intron positions of the location were noted. Distance to the transcription start site was recorded for each gene, as was the nearest gene. Peaks were considered coincident if they were less than 200 base pairs apart.
